Field emission is known to play a dominant role in the electrical breakdown of gaps in vacuum. Electrons are emitted from micro-projections on clean cathode surfaces where the field strength is enhanced and the tunnel effect is observed. The location of emission sites was observed in this study by using a microchannel plate with a luminescent screen. The effects of the heat treatment on the behavior of emission sites is also discussed. A number of emission sites were observed on the cathode surface which disappeared after electron emission. Furthermore, heat treatment of electrodes decreased the number of emission sites and the number of electrons emitted from a projection. Field emission, in the region A, which takes place at the atomic scale, was observed on the cathode surface.
INTRODUCTION
HE V-I characteristics of prebreakdown currents in vacuum gaps T generally follow the Fowler-Nordheim theory [I] : fields on the order of 6 to 7~1 0~' Vm-l at a microprotrusion tip, induce vacuum breakdown. The mechanism of field emission from sharp metallic whiskers on the cathode surface has been shown to support the electronemission induced breakdown mechanisms. The effective field on the whisker tip is the product of the average field V/d and the field enhancement factor p obtained from the slope of the F-N plot. The F-N theory also considers the dependence of the field emission on the surface condition, involving four parameters: field enhancement factor p, emitting surface area S, work function q5 and electric field E.
It has been shown [2] , that conditioning discharges make the V-1 characteristic stable and decrease the /3-value. Tsuruta [3] found that the stabilization of emission current resulting from conditioning discharges was related to the appearance of projections which have a small p-value on the cathode surface. Furthermore, he [4] also indicated the existence of multiple micro-projection tips by the computer simulation of breakdown in vacuum [4] .
The field emission sites have been assumed to be the minute projections on the cathode surface, and using the p-value, the characteristics of the field emission have been discussed for decades. However, the micro-protrusion model is being increasingly abandoned in recent years, because the predicted whisker shapes postulated by this model were generally not found at emitting sites. The nonmetallic model and antenna model were proposed by Latham et al. [6- 81 instead of the traditional Fowler-Nordheim metallic mechanism. In these recent models, the emission sites are assumed to be insulating particles or foreign materials.
Several mechanisms assisting the field emission process have been proposed to explain breakdown in vacuum gaps. The field emission characteristics associated with prebreakdown conduction in vacuum gaps depend strongly on the microscopic condition of the cathode surface. Therefore, observing the behavior of emission sites visually in the micro current region (~1 O -l~) can lend support to one of these field emission assisted breakdown mechanisms.
In this paper, a special technique using a micro channel plate (MCP) with a luminescent screen is used to observe the field emission sites visually in the low current region of A. A shift of emission sites with time under an applied voltage was observed. Experiments were also conducted with heat treated cathodes to determine the influence of heat treatment on general emissivity of the cathode and changes in emission characteristics of individual emission sites.
EXPERIMENTAL

EXPERIMENTAL APPARATUS
The experimental apparatus is shown in Figure 1 . Experiments were conducted in a high vacuum chamber pumped to a base prcmre of 2x1OP5 Pa using a turbomolecular pump. The cathodes were made of tough pitch copper with a purity of 99.95%. The investigated cathode shapes were plane electrode (diameter 10 mm), hemisphere electrode (radius of tip curvature 5 mm) and needle electrode (12 pm). Each cathode type was set parallel to a mesh anode with the gap length maintained constant at 1 mm for all the experiments. The test chamber dimensions were d = 300x500.
MESH-AHODE
MCP
LUMl H E S G E N l Figure 1 . System to observe field emission sites. 1: Rotary pump, 2: power supply for MCP, 3: image processing contrivance, 4: CCD camera, 5: pen recorder, 6 : turbo molecular pump, 7 power supply, 8: HV input terminal, 9: cathode, 10: mesh anode, 11: MCP, 12: luminescent screen.
A MCP with a luminescent screen (MCP Hamamatsu Photonics K. K. F2222-21p), capable of two-dimensional analysis of the phenomena being observed, was used. The electrons emitted from the cathode pass through the mesh anode and enter into the MCP. The electrons are multiplied by MCP prior to impacting on a 10 mm diameter luminescent screen located behind the MCP. In order to record the location of emission sites, a charge coupled device (CCD) camera was used. The camera, located outside the test chamber, was coupled to the luminescent screen via a glass window provided in the test chamber.
----________. 
IMAGE PROCESSING TECHNIQUE
The analog signal of the luminescent screen image taken by the CCD camera was input to an image processing system with a converter, and transferred into a personal computer as shown in Figure 2 . The image data consists of pixels of 480x512 (vertical x horizontal). Thus the luminescent screen could be represented as a two-dimensional graph. Each pixel, moreover, has a luminosity which has integral numbers of 0 to 255. Thus, if a number of electrons are emitted from a certain point, the luminosity of the associated pixel becomes greater. Since the luminosity is in proportion to the number of electrons as shown in Figure 3 , one can estimate the number of electrons emitted from each micro point. 
EXPERIMENTAL METHOD
The cathode surface was polished to a 200 nm rms mirror finish by Emery paper, and before being placed in the vacuum chamber, they were thoroughly cleaned ultrasonically in a methanol bath.
The dc applied voltage was increased in steps of 0.2 kV for plane cathode, 0.5 kV for hemisphere cathode, and 0.02 kV for needle cathode. The observation of emission sites was made every 5 s by the CCD camera for one minute. The shutter speed of the CCD camera was 1/60 s. The emission site images were analyzed by using a personal computer which recorded the coordinate and intensity of the emission sites associated with respective cathodes.
In this study, heat treatment was done for the plane cathode. The plane cathodes, which were cleaned by the process mentioned above, was set in the vacuum chamber, and heated to 673,773,873 K each. After heat treatment, the field emission was measured in the same vacuum chamber. magnitude of current is proportional to the accumulated intensity. Figure 4 shows the principal results of emission site images of luminescent screen for each electrode at an optional time. For the case of the plane electrode, 5 emission points appeared at 4.8 kV, which is the inception voltage of field emission. The number of emission points increases with the applied voltage, and as the number of emission points increases, the location of emission points spreads over the wide area of the luminescent screen. This tendency could also be applied for the case of hemisphere cathode. For the case of the needle electrode, the increase of emission points with increasing applied voltage is larger than for the other two electrodes, because the effect of field enhancement is stronger than that of the other two electrodes.
RESULT AND DISCUSSION
THE BEHAVIOR OF THE FIELD EMISSION SITES
It is clear from these images that the electrons are emitted from a point located on the cathode surface, because these images are indicated as a dot, in spite of the cathode shape. Therefore, the magnitude of field emission current, which ordinarily is measured by a current meter, was found to be the total of the number of electrons emitted from all emission points. These results support the simulation result reported by Tsuruta Figures 5(a) and (b) show the voltage dependence of (a) the number of emission sites and (b) the emission current. In this Figure, the emission sites increase almost exponentially with the applied voltage. In the F-N theory, the effective field strength of emission sites is considered to be 6 to 7x109 [Vm-'1. Therefore, the dependence of applied voltage indicates that the emission sites which have less /?-value, reach the field strength at which electrons can be emitted with an increase of the applied voltage.
It is necessary for an investigation of the field emission process to observe the shifts of the emission sites with time. Figure 6 This tendency also applies to the other electrodes i.e. electrons are emitted intermittently from the emission sites. The electron emission and the disappearance of emission sites is not a stable process. However, the change of average emission current was not observed for longer than 24 h. The disappearance of emission sites means that the individual sites could not maintain the effective field strength of field emission for a long time. A possible reason for this disappearance may be that the emission sites are modified by electron emission Joule heating, or is a large chemical change of the emission sites, e.g. the increase of work function, occurs. Isono [2] reported that the shape of emission sites derived from the measured /? value is suitable for melting under electron emission induced Joule-heating. The disappearance of emission sites observed using the MCP technique could support the above model.
Renner et al.
[SI proposed the antenna model, concluding that the emission sites are foreign materials attached to the cathode surface and which very often are -30 p m in size. In this model, however, it is hard to explain the disappearance of the emission sites, because these emission sites are too large to melt under electron emission induced Joule heating. From the view point of the metallic whisker model, the micro projections are considered to be formed during the surface polishing, or to be the non-crystalline part of the cathode surface resulting from unevenness of the crystal state. However, evidence from many recent experiments suggests that emission might take place at the atomic scale, because non-emissive protrusions were found under microscopic examination [9] . In the above model, the behavior of field emission will be a 
THE EFFECT OF HEAT TREATMENT ON THE FIELD EM I SS I ON BEHAVIOR
In previous studies [lo] , it has been shown that heat treatment of the cathode surface stabilizes the field emission characteristic, because the adsorbed materials are reduced by annealing. The annealing effect on field emission behavior in the low-current region A) is not hlly understood. In this Section, the effects of annealing on the behavior of field emission sites are discussed.
Non-annealed
500°C 600°C The cathodes were heat treated in a high vacuum ( < 2~l O -~ Pa) chamber for 2 h. After heat treatment, the field emission characteristic was measured in a similar vacuum chamber. The annealing temperature was set at 673,773,873 K, and plane copper cathodes (diameter 10 mm) were used for the experiments. Figure 7 shows the emission sites at 7 kV as a function of the annealing temperature. The Figure shows the registration of 12 superposed images taken for 1 min each. For the case of a unannealed cathode and that annealed at 673 K, it is seen that the number of emission sites are located over the whole screen. For cathodes annealed at 773 and 873 K, the emission sites are also located over the whole screen, however, it is clear that the number of emission sites is lower than that of the non-annealed case, and the 673 K annealed samples.
The behavior of the emission site observed with passage of time is the same for all samples. The emission sites of the annealed cathode also disappeared after electron emission, emission from the same site being rare. Therefore, it seems that the heat treatment of the cathode surface decreases the number of emission sites for the same applied voltage. However, the behavior of surviving sites with time was not influenced by annealing. Figure 8 as function of the annealing temperature. For the case of non-annealed cathode, the number of emission sites increases with the applied voltage at the region of t 5 kV. For the case of heat treated cathode, the number of emission site also increases exponentially with applied voltage. However, the inception voltage of the field emission has a tendency to increase with increasing annealing temperature. Field emission was minimized by the annealing, and this effect becomes more pronounced with increasing annealing temperature.
Normally, to investigate field emission, one uses the F-N plot or field enhancement factor p calculated from the F-N plot. This has been considered to represent the sharpness of the emission site. Figure 9. Change of the field enhancement factor with annealing temperature. The enhancement factor was calculated from the F-N plot.
seems to show that heat treatment rounds the sharpness of the emission site. Considering that there are a number of emissive points on the cathode surface as shown above, it could be said that the / 3 value is the average one over all the emission sites. Therefore, it is necessary for a closer investigation of the emission site to consider the changes at each individual site. We are able to observe the emission point and can count the number of electrons emitted from a specific site, because the intensity of each lighting point is proportional to the number of electrons, as mentioned. kV). In the region >6.2 kV, the emission points which emit >12 electrons were not measured. This result means that heat treatment has 2 different effects on the field emission: reducing the maximum number of electrons emitted from each emission site, and increasing the inception voltage of electron emission.
The surface conditioning, especially heat treatment, have been used for the conditioning of electrodes or cleaning a metal surface, because it has been known that heat treatment can stabilize and/or minimize the Many researchers have tried to explain the field emission mechanism, but there is no model which gives a full confirmation. The mechanism of field emission is seen to be a very complicated one, however, in the low-current region A), field emission takes place at the atomic scale because it is very sensitive to the metal surface conditions as shown in this experiment. The observation of field emission sites could lead to new information of field emission mechanisms.
CONCLUSION
breakdown voltage in vacuum. The emission site on the metal surface is simply due to a geometrical field ehancement at the apex of a con-HE field emission behavior was observed by the MCP with a lumiducting protrusion. This protrusion can be either a particulate contami-T nescent screen. The effect Of heat treatment was discussed. The nant, or a geometrical defect of the surface. The effect of heat treatment the metallic crystal. It could be said from the result of Figure 7 that the minimization of field emission was affected by either removal of contamination or a modification of the surface morphology. are as fO1lOws.
contributes to the Of such adsorbed and 1. The field emission sites are located over the whole cathode surface, and the emission sites increase with applied voltage.
electrons are continuously emitted from the same site.
2.
Many sites disappeared after electron emission, and it was rare case that
